Introduction
[2] Biomass burning emissions have significant effects on both air quality and radiative processes through trace gas and aerosol emissions [Crutzen and Andreae, 1990] . Globally, open biomass burning contributes 74% of total organic carbon (OC) emissions from combustion sources which is approximately ten times that from fossil fuel sources [Bond et al., 2004] . Soot carbon (commonly referred to as black carbon (BC)) and brown carbon from biomass burning emissions absorb solar radiation and are associated with atmospheric brown clouds that can be transported globally [Andreae and Gelencsér, 2006; Ramanathan and Carmichael, 2008] . Wild and prescribed forest fires typically generate smoke particle emissions composed mainly of OC and BC. While lower temperature smoldering combustion produces more OC than higher temperature flaming combustion, actual smoke plumes contain particles from both phases [Reid et al., 2005] . For boreal forest fires, approximately 40% of combustion originates from the flaming phase and 60% from the smoldering phase [Reid et al., 2005] .
[3] A significant fraction of boreal forest fire emissions are injected above the boundary layer into the free troposphere [Leung et al., 2007] , with some events injecting aerosols above the tropopause where they can induce stratospheric ozone catalytic destruction. Aerosol plume injection into the free troposphere facilitates long-range transport hundreds or thousands of kilometers downwind, whereas aerosols confined to the atmospheric boundary layer typically influence air quality near the source region . This has been observed for Australian forest fires where intense heat and synoptic conditions caused pyro-convective lofting of the aerosol mass into an upper level jet stream [Dirksen et al., 2009] . Damoah et al. [2004] documented around the world transport of intense Russian fires in 17 days. Transport of smoke plumes from North American wildfires led to large-scale haze layers over parts of Europe in 1998 [Forster et al., 2001] . Detailed aircraft measurements during the 2004 ICARTT-ITOP Experiment also documented North American smoke plumes transported to Central Europe [Petzold et al., 2007] .
[4] Biomass burning plumes have significant and uncertain effects on climate with the potential to alter radiative budgets by both direct and indirect aerosol radiative forcing. Hsu et al. [1999] showed that smoke can significantly alter radiative forcing as it reduced the observed surface albedo for Greenland from 90-100% down to 30-40%. Black carbon in smoke transported from Canada to Europe enhanced the aerosol absorption coefficient by two orders of magnitude above background levels [Petzold et al., 2007] . Biomass burning aerosols facilitate longer-lived clouds with smaller droplets that inhibit precipitation [Koren et al., 2004] . Springtime agricultural burning and wildfires are a potentially significant source of organic and black carbon aerosol for the Arctic, with implications for springtime Arctic warming [Warneke et al., 2010] .
[5] Biomass burning emissions can have significant impacts on regional air quality in distant regions. Boreal forest fire emissions impact tropospheric trace gas chemistry, especially through enhancements of CO and O 3 [Wotawa and Trainer, 2000; McKeen et al., 2002; Forster et al., 2001; DeBell et al., 2004; Leung et al., 2007; Verma et al., 2009] . Jaffe et al. [2004] found that CO and NO x emissions from Siberian biomass burning contributed to exceedances of ozone air quality standards in the Pacific Northwest. Smoke aerosols from biomass burning affect local air quality and as a result, human health [Saarnio et al., 2010; Rittmaster et al., 2006] . One of the major concerns for human health are particles with aerodynamic dry diameters less than 2.5 mm (PM 2.5 ) as they can be carried deep into the human respiratory tract [World Health Organization, 2008] . The current standards for PM 2.5 set by the U.S. EPA are 35 mg m −3 in a 24-hour period and 15 mg m −3 annually (EPA NAAQS Review, 2006, http://www.epa.gov/oar/particlepollution/naaqsrev2006. html). Forest fires are one of the significant sources of PM 2.5 particularly in non-urban areas [Mathur, 2008] . In some cases, boreal forest fire emissions can exhibit larger impacts than anthropogenic emissions on Northern Hemisphere midlatitude air quality [Wotawa and Trainer, 2000] . Bertschi and Jaffe [2005] studied the episodic transport of Siberian fire plumes to the northwestern United States, reporting enhancements of PM 2.5 affecting regional air quality in the state of Washington.
[6] Canadian fire emissions and impacts on the northeastern U.S. have been studied from the perspectives of chemical composition, transport and atmospheric chemistry interactions focusing on CO enhancements [DeBell et al., 2004] and O 3 formation [McKeen et al., 2002] . Canadian forest fire smoke plumes have also been tracked by satellite imagery, back trajectories and ground-based optical property observations [O'Neill et al., 2002] . A case study by Colarco et al. [2004] examined an elevated smoke plume from Quebec, Canada eventually entrained into the planetary boundary layer by focusing on mixing and optical properties. Mathur [2008] examined smoke plume transport to the eastern U.S. with a July 2004 case study of the largest fires on record for Alaska using remote sensing satellite data, aircraft and ground-based measurements. They concluded that large boreal forest fires in Canada can have a significant impact on widespread surface particulate matter over the heavily polluted U.S. East Coast. The case study of McKendry et al. [2011] examined medium-range smoke transport from northern California wildfires to the Pacific Northwest, combining ground-based and satellite observations. Duck et al. [2007] analyzed high altitude forest fire smoke layers, including long-range transport toward the surface.
[7] Most cases studied thus far [Forster et al., 2001; Colarco et al., 2004; DeBell et al., 2004; Bertschi and Jaffe, 2005; Duck et al., 2007; Mathur, 2008] have focused on large, intense fires that occur once every decade or even less frequently such as the July 2004 fires which produced very significant aerosol emissions in Alaska and western Canada as studied by Duck et al. [2007] and Mathur [2008] . However, boreal forest fires occur every year. Despite all these studies, the degree to which these annually occurring, less extreme fire events impact air quality, especially longdistances (greater than 2500 km) downwind has not been studied. McMillan et al. [2010] highlighted some of the complex challenges for quantifying these biomass burning influences on air quality degradations. From an analysis point of view, medium intensity fires are more difficult to detect and dissociate from other pollutants.
[8] We perform a case study analysis using a suite of relevant ground-based and remote sensing measurements over North America to understand the complex problem of long-range smoke transport by analyzing a less extreme biomass burning event. Our method of synthesizing 9 data sets (5 satellite, 4 ground-based), trajectory model results and meteorological fields allows us to gain a more comprehensive scientific understanding than by any data set individually, especially for analyzing weaker smoke signatures from less extreme events. In the context of a case study, integrating data sets and understanding the processes involved in smoke transport provides a better tool to understand and evaluate complex air quality issues in the eastern U.S. Thus, we track the bulk evolution of biomass burning smoke plumes from a Canadian boreal forest fire event with smoke emission magnitudes comparable to summertime emissions during the previous decade. The analysis includes data (described in section 2) from MODIS, OMI, MISR, CALIOP lidar, AIRS, AERONET CIMEL sky/Sun photometer, MPLNET lidar, IMPROVE and EPA AirNow. We also integrate NCEP/NCAR meteorology and NOAA HYSPLIT trajectories into our analysis. For clarity, we subdivide the analysis into emission and injection heights (section 3), synoptic scale meteorology (section 4), followed by the Midwestern U.S. and southern Ontario region (section 5) and northeastern U.S. region (section 6) where we analyze optical, chemical and air quality impacts. We discuss our results in section 7 and provide conclusions on atmospheric implications in section 8.
Data Description
[9] In this section we briefly describe the data sets used in our analysis. More detailed descriptions and in-depth evaluations can be found in the cited references.
Satellite Data Sets
[10] The Ozone Monitoring Instrument (OMI) onboard the NASA Aura satellite measures Earth's backscattered radiation in the range 270-500 nm. Herman et al. [1997] showed that absorbing aerosols can be detected from the spectral contrast between near UV backscattered radiances. They defined an aerosol index (AI) as [Torres et al., 2007] . In western Canada, there is no known major source of dust and long-range transport of dust has not been reported during the summer. Consequently, in the absence of dust, positive values of OMI AI are due to carbonaceous aerosols (OC and BC) from fires. The usefulness of the near UV AI to follow smoke plumes has been clearly demonstrated by Hsu et al. [1996 Hsu et al. [ , 1999 . It is important to note that OMI AI depends on the aerosol layer height, aerosol optical depth and single scattering albedo, which limits its use to qualitative analysis.
[11] The Multiangle Imaging Spectroradiometer (MISR) onboard NASA's Terra satellite retrieves total column aerosol optical depth (AOD) in four spectral bands (446, 558, 672 and 866 nm) at nine different viewing zenith angles. Utilizing a stereo-matching algorithm, altitudes for wildfire smoke and volcanic plumes are routinely retrieved . Heights of low smoke plumes near their sources are accurate to a few hundred meters [Mazzoni et al., 2007] .
[12] The NASA Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the Sun-synchronous Terra and Aqua satellites retrieves many products from radiances in 36 spectral bands from 0.4 to 14.4 mm. With its large swath width (±55°view-scan, 2330 km), MODIS provides nearly global daily coverage. Because of its thermal-infrared sensing capability, MODIS is able to detect active fires with high temporal resolution [Justice et al., 2002] . Here we use the aerosol optical depth (AOD) at 550 nm. USDA active fire maps (http://activefiremaps.fs.fed.us/) derived from MODIS data are used to quantify actively burned area within 24 hours and burned area since the beginning of the year.
[13] Launched in April 2006, the joint NASA-CNES Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite is part of the NASA A-train satellite constellation. The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard CALIPSO probes the vertical structure and properties of clouds and aerosols globally with day and nighttime observations at 532 and 1064 nm [Winker et al., 2010] . To minimize noise, we use total attenuated backscatter measurements at 532 nm (version 3.01) during the nighttime (descending node) to infer aerosol vertical profiles. We also analyze the CALIOP depolarization ratio and vertical feature masks.
[14] The Atmospheric Infrared Sounder (AIRS) onboard NASA's Aqua satellite retrieves total column trace gas abundances including carbon monoxide (CO) as well as air temperature, water vapor, and cloud properties. Total column CO is retrieved from the 4.55 mm region. The large swath width (1600 km) and cloud-clearing retrievals provide detailed, nearly global daily CO data that can be used to study transport of mid-tropospheric CO from biomass burning emissions [McMillan et al., 2005 [McMillan et al., , 2010 . We use the Aqua AIRS total CO column (10 18 molecules cm −2 ) ascending node data.
Ground-Based Observations
[15] The Aerosol Robotic Network (AERONET) makes direct measurements of solar irradiance to retrieve multiwavelength (visible and near UV) column AOD at 15 minute intervals with a world-wide network of CIMEL sky/Sun photometers [Holben et al., 2001] . The aerosol size distribution and optical properties are derived by fitting measurements of Sun radiance and the angular distribution of sky radiances at four wavelengths (440, 670, 870 and 1020 nm) to radiative transfer models . In this study we use only level 2.0 data for AOD and when available for size distributions and single scattering albedo (SSA). Level 2 SSA values are restricted to cases when AOD (440 nm) is greater than 0.4 and Sun elevation angles are above 50°, which excludes anomalously low SSA values [Arola et al., 2010] . Level 1.5 data are used for SSA and volume size distributions on July 6 and 9, 2006 when level 2.0 data are not available.
[16] The Micro Pulse Lidar Network (MPLNET) is a ground-based lidar network, collocated with several AERONET Sun photometers, that provides vertical profiles of aerosol and cloud structure [Welton et al., 2001] . MPLNET level 1 signal profiles Welton and Campbell, 2002] are used in this study to identify aerosol layer altitudes.
[17] The Interagency Monitoring of PROtected Visual Environments (IMPROVE) program [Malm et al., 1994] has collected aerosol samples starting in 1988 at almost 200 sites located in National Parks of the United States. Mass concentrations of sulfate (SO 4 = ), OC, BC, potassium (K) and many other species are measured from PM 2.5 samples every three days over a 24-hour period [Hyslop and White, 2008] .
[18] The U.S. Environmental Protection Agency (EPA) and its state and local government partners maintain networks monitoring the concentration of particulate and gaseous air pollutants at ground level. EPA AirNOW (http://www.airnow.gov) receives PM 2.5 (and O 3 ) data from over 2,000 ground-based monitoring stations operated by state or local air quality agencies. The PM 2.5 concentration maps used for our air quality analysis are derived from these data and apply to surface conditions for all reporting monitoring stations on the days analyzed.
Meteorology and Transport Data
[19] We use NCEP/NCAR reanalysis data [Kalnay et al., 1996] provided by the NOAA/OAR/ESRL PSD, available at http://www.esrl.noaa.gov/psd/data/reanalysis/reanalysis. shtml, to analyze mean daily sea level pressure, specific humidity, precipitation rate and wind fields. Back and forward trajectories generated from the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model [Draxler and Hess, 1997 , 1994] , woodland/mixed forest and evergreen forest were the vegetation types burning in these areas of fires.
Emission and Injection Heights
[21] The 8-day mean emission rates of black carbon, organic carbon and SO 2 on a 1 × 1°grid are given by the Global Fire Emissions Database Version 2 (GFEDv2) van der Werf et al., 2006] . Since GFEDv3 currently only provides monthly emissions, we use GFEDv2 mean 8-day emission rates over a domain of western Canada (50°-70°N; 90°-140°W). To calculate total emissions, we use total grid surface area for non-zero 8-day emission values. This area estimate is on a consistent timescale with the emission values as opposed to using daily USDA fire map burned area estimates. The estimated emissions over the course of 3 days (3× daily emission rate) of BC, OC and SO 2 are 3, 69, and 5 mg m −2 respectively. Hence the total emissions of BC, OC and SO 2 due to the fires over the course of 3 days are 2, 46, and 4 kilo-tons respectively.
[22] We examine the emissions of carbonaceous aerosols over a domain of western Canada as a metric to compare the magnitude of this fire event with those over the previous decade. Carbonaceous aerosol emissions are defined as total biomass burning black carbon and organic matter (OM) over a domain of western Canada from the GFEDv2 8-day and GFEDv3 monthly emission inventories. In Figure 1 , we quantify this fire magnitude metric over the previous 5 years (GFEDv2) and decade (GFEDv3) based on availability of data over these time periods. For reference, the emissions from the July 2004 fires studied by Duck et al. [2007] and Mathur [2008] are indicated by the appropriate arrows and labels in Figure 1a . These fires were the third largest in terms of both 8-day emissions (July 20, 2004) for the previous 5 years and monthly emissions (July 2004) for the previous decade. , 1997-2007) considered over this period. In addition, the maximum monthly emissions during June-August from 1997-2007 were higher than that for July 2006 in 50% of the fire seasons in the previous 10 years. This indicates that although these are major fires in terms of emissions, fires of even larger magnitude occur quite often in the recent past and this fire event is comparable to the decadal mean emissions for the peak Canadian fire season (June-August). This suggests that there is a great potential for long-range transport of aerosol emissions to frequently influence regional air quality.
[25] MODIS observations on July 4 show a large area of AOD at 550 nm >2 over the fires (Figure 1b ). MODIS fire counts in Figure 1c indicate regions of boreal forest fire burning. OMI AI values near 10 over the fires are shown in Figure 1d . These unusually high values likely indicate the presence of elevated aerosol layers. Since there were no significant sources of dust or volcanic ash, it is reasonable to assume the high OMI AI values are due to carbonaceous aerosols from biomass burning.
[26] MISR captured one of the major fires at the western edge of the fire region on July 4, 2006 (MISR plume height project region name 034811-B44-P3). The wind corrected plume height versus distance from the source in Figure 2a was retrieved using resources from the MISR Plume Height Climatology Project (http://www-misr.jpl.nasa.gov/ getData/accessData/MisrMinxPlumes/). The smoke penetrated into the free troposphere, reaching up to 3 km altitude 25 km away from the source.
[27] The smoke plumes were likely injected both into the boundary layer and the free troposphere at different altitudes. For boundary layer smoke, auxiliary material Figure S2 shows a suite of forward trajectories from the boundary layer (1.5 km above ground level (AGL)) at the fire source region. 
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long distances and is potentially removed by deposition processes. Thus, smoke emissions are not transported efficiently in the boundary layer compared with free tropospheric transport. Figure 2b shows a family of 8 forward trajectories at 3 different injection heights in the free troposphere originating from the wildfire source region. The forward trajectories originating at 8 km altitude show transport southeastward toward the upper Midwestern U.S. over the course of 2 days and air descending to 5 km altitude. The 5 km injection height forward trajectories show transport toward southern Ontario and the Great Lakes region with a small decrease in altitude down to 4 km altitude. Finally, the 3 km altitude injection height corresponding to the MISR plume height calculation shows transport again to the southeast over southern Ontario. Based on these trajectories, we expect to observe plumes over these regions, with upper level layers reaching the Great Lakes region in 2 days after emissions and lower altitude layers reaching similar locations in 3 or more days following emissions.
[28] CALIOP profiles on July 4 and 5 are shown in Figure 3 , with the July 4 overpass location indicated in Figure 1d for reference. Smoke aerosol features can be seen near 53°N extending from the surface to an altitude of 3-4 km above ground level (vertical feature mask in Figure 3a) and dense layers at 56°N at 8-10 km altitude (Figure 3a) . Small values of the depolarization ratio indicate that these are smoke aerosols and are not consistent with ice clouds at this high altitude as indicated by the vertical feature mask due to an error in the cloud-aerosol discrimination algorithm. High depolarization ratio values at 10-11 km indicate the presence of a compact cloud (Figure 3a, right) . The attenuated color ratio (not shown) has large positive values below these features, a signature of dense smoke with larger attenuated backscatter at 532 nm than at 1064 nm. On July 5, an aerosol layer occurs at a similar altitude (8-11 km) in the CALIOP profile (Figure 3b) . A back trajectory (not shown) from this altitude and location at the overpass time indicates that this layer would have been transported from the fire source region at high altitude (8-10 km). Therefore, plume injections into the free troposphere occurred at a range of altitudes from 3-10 km, with high altitude plumes resulting from different pyro-convective events.
Synoptic Scale Meteorology
[29] The synoptic scale meteorological conditions control smoke plume transport from the source region. On July 4, 2006, an area of high pressure is over southern Canada with low pressure to the east (Figure 4a ). This high moves southeast, entering the Midwestern U.S. on July 6 (Figure 4b ). The smoke plumes were injected into relatively dry air on July 4 with specific humidities of ∼0.007 kg kg −1 and no precipitation in the vicinity of emissions. There is a northwesterly flow at 850 hPa in the vicinity of the wildfire region. Mean horizontal winds at 400 hPa (Figure 4c . The upper level winds follow the general pattern of the upper tropospheric jets and facilitate efficient wind advection to the Great Lakes region at these upper levels.
[30] Over the Great Lakes and southern Ontario, smoke plumes would be expected to be located between high and low pressure systems on July 6 as shown in Figure 4b . The surface high pressure center is displaced from the Midwestern U.S. to the U.S. East Coast. Any smoke north of the high pressure center is expected to be transported southeastward whereas smoke that is northwest or west of the high will be transported eastward or northeastward due to a shift in wind direction. In addition, a cold front formed on July 8 from southern Ontario into the central U.S. and moved eastward, reaching the Great Lakes on July 9 (Figure 4d ) and the East Coast on July 10-11. Any lower level smoke aerosols over the U.S. East Coast would be potentially removed by precipitation with the slow moving cold front over this region. In subsequent sections, we show that back trajectories for sites observing aerosol features are consistent with these synoptic scale conditions.
Southern Canada and Midwestern U.S.
[31] We evaluate aerosol smoke plume characteristics and impacts during transport across southern Ontario and the Midwestern U.S. The OMI AI, used here to identify absorbing aerosols from the fires, shows the biomass burning smoke plume extending from Hudson Bay down to Illinois on July 6, 2006 (Figure 5a ). The CALIPSO satellite passed over the Great Lakes on July 6 at ∼8 UTC, which is almost half a day before the OMI Aura overpass (18:30 UTC). Plume fragments are observed in the CALIOP vertical feature mask from 5-8 km altitude between 40-50°N (Figure 5b ). Large total attenuated backscatter values at 8-12 km altitude between 40-55°N are classified as clouds. However, the depolarization ratio values (<0.1) at this altitude are consistent with smoke aerosols and again inconsistent with ice clouds. This evidence leads us to conclude that extensive high altitude smoke layers were present and partially embedded in cirrus clouds. CALIOP also observed a lower aerosol layer (1-3 km altitude) further to the south between 35-42°N (Figure 5b , far right). These features are not collocated with positive OMI AI values due to the lack of sensitivity of OMI AI to low altitude aerosols.
Optical Properties
[32] Back trajectories from the AERONET site at Pickle Lake, Ontario (not shown) and forward trajectories from the source region in Figure 2b indicate that the Pickle Lake site is affected by the smoke plume due to transport of air from the west at multiple altitudes. Aerosol optical depths of 1-1.5 are measured at the Pickle Lake site on July 6 (Figure 6a ) and these values are significantly elevated from monthly mean AOD values of ∼0.3 (Figure 6b ). Observations by both MODIS Aqua and Terra also indicate elevated aerosol optical depth (AOD) at 550 nm near unity over Pickle Lake and the nearby region on July 6 (Figures 6c and 6d) . These values are consistent with the collocated AERONET AOD observed at Pickle Lake. The largest optical depths (>2) are observed by MODIS to the northeast of Pickle Lake near Hudson Bay.
[33] There is a dominant accumulation mode observed in the volume size distribution at Pickle Lake on July 6, with a volume mean diameter of 0.2 mm. We note that since Level 2 data is unavailable for July 6, we select Level 1.5 retrievals. The accumulation mode volume concentration maximum at 0.13 mm 3 mm −2 on July 6 is significantly larger than the more typical value of 0.007 mm 3 mm −2 (July 9) indicating the arrival of fine smoke particles. This dominant fine mode has been observed previously for forest fire aerosols [Petzold et al., 2007; Dubovik et al., 2002] . In addition, the single scattering albedo (SSA) at 7 am local time on July 6 declines significantly with increasing wavelength (0.93 at 440 nm and 0.86 at 1020 nm). SSA values below 0.9 in the visible and increased absorption as wavelength increases are typical for carbonaceous aerosols.
Chemical Properties
[34] Reid et al. [2005] have previously indicated that fine particulate potassium (K) concentration is a good marker of biomass burning from fires. Soil fine particles also contain K but these are usually accompanied by a large coarse mode. Fine particle iron (Fe) is also associated with these soil dust sources. Typically a K/Fe ratio of 0.6 or below indicates contributions from soil dust [Cahill et al., 1986] . (Figure 3a) . Aerosol layers at 8-11 km altitude are also circled in the July 5 profiles (Figure 3b ).
Potassium concentrations from all IMPROVE sites reporting data on July 7, 10 and 13 with linear interpolation between sites are shown in Figure 7a . There is a distinct region of elevated fine particulate K on July 7 stretching from Minnesota to Kansas, reaching values up to 0.16 mg (K) m . In this region, K/Fe ∼ 3 (well above 0.6), indicating that this potassium enhancement is due to biomass burning. These surface observations of a biomass burning tracer indicate the presence of surface plumes in these regions.
[35] The IMPROVE site at Lostwood, ND is the nearest site to Pickle Lake and the region of enhanced AOD and OMI AI on July 6 which provides full aerosol chemical composition data in early July 2006. Back trajectories from Lostwood, ND (not shown) indicate air is advected from the Figure 1a ). Since Lostwood, ND is southwest of Pickle Lake, smoke from the fire event studied here likely reached the Lostwood site first (the July 4 maxima), while the smoke plume is observed at Pickle Lake on July 6. Along with the OMC-1.4 and K maxima, there are smaller enhancements of both ammonium sulfate and elemental (black) carbon (1 mg m −3 ). The BC/ OC mass ratio is approximately 0.08, consistent with values from past studies for boreal forest fire smoke particles [Reid et al., 2005] .
Air Quality Impacts
[36] The quantification of smoke plume impacts on U.S. air quality due to long-range transport is complicated by anthropogenic aerosol sources, plume dispersion and depositional processes. To estimate a range of possible air quality impacts, we use EPA AirNOW PM 2.5 concentration observations for the Midwestern U.S. and southern Ontario during the period July 4-10, 2006 (U.S. EPA AIRNow archives, http://www.airnow.gov/index.cfm?action=airnow.legacy_ archives#legacymaps).
[37] Figure 8 shows PM 2.5 levels reach a maximum in the Midwestern U.S. of 16-24 mg m −3 on July 8. Time series of daily PM 2.5 concentrations at four EPA air quality monitoring stations in Minnesota, Michigan and Illinois and two monitoring stations in Southern Ontario (data available at http://www.airqualityontario.com/history/) are shown in Figure 9a . Measurements confirm a rise in PM 2.5 at all sites, albeit none exceeding the 24-hour EPA standard. PM 2.5 concentrations at the Seney (MI) station reach a maximum of 13.7 mg m −3 on July 8. This location also experiences a simultaneous increase in fine particulate potassium, a good tracer of biomass burning (see section 5.2: par. 1 and auxiliary material Figure S5 ). In southern Ontario, the PM 2.5 maxima at the Sault Saint Marie and Sudbury (ON) stations are 24 mg m −3 and 25 mg m −3 respectively. Compared with near background levels, PM 2.5 values in the Midwestern U.S. increased by 10-20 mg m −3 during the passage of the plume. The observations at these individual sites show comparable increases as shown in the PM 2.5 maps (Figure 8 ) indicating that they are representative of observations in this region. This is expected as the surface site data are used to produce the interpolated maps.
[38] Figure 9c (left) shows back trajectories at 200 m AGL from the Seney (MI) monitoring station on July 7 at 6-hour intervals. These results indicate transport from the northwest, the location of plumes on July 5-6. These trajectories also indicate the potential for subsidence from upper levels into the atmospheric boundary layer, a transport mechanism that may lead to smoke affecting surface PM 2.5 concentrations.
6. Northeastern U.S. 
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on July 9 at ∼7 UTC (occurring before the OMI Aura overpass at ∼18:30 UTC) shows substantial aerosol plumes from 5-8 km altitude over a large portion of the U.S. East Coast (30-45°N) ( Figure 10 ). As before, the depolarization ratio for these features (not shown) is below 0.1. The vertical feature mask (not shown) confirms the presence of aerosols. In the 45-50°N and 35-40°N latitudinal bands, lower aerosol layers are also seen at approximately 1-3 km altitude.
Optical Properties
[40] The AERONET and MPLNET Cove site just off the coast of Virginia also provides useful data on the aerosol optical properties along the U.S. East Coast. We note that Cove is one of only two MPLNET lidar sites along the U.S. East Coast that provide data for July 2006. The other site (GSFC, Greenbelt, MD) provides no lidar data for the time period analyzed (July 8-13, 2006) . As shown in Figure 11a , the MPLNET lidar at Cove observes aerosol layers on July 8 at 6-7 km altitude and on July 9 at 3-5 km altitude. Figure 11b shows two back trajectories arriving at Cove at 4 and 6.5 km altitude respectively (21 UTC July 8 and 00 UTC July 10 respectively). These trajectories show both layers were transported from the source region in central Canada at 5 km and 6 km altitude respectively and reached the Cove site 4-5 days later.
[41] Aerosol optical properties on July 9 along the U.S. East Coast are examined using observations from the AERONET sites Maryland (MD) Science Center, Howland (ME), Martha's Vineyard Coastal Observatory (MA) (MVCO), 
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Billerica (MA), CCNY (New York, NY) and GSFC (Greenbelt, MD). Back trajectories from two of these sites (Figure 12a ) both show air parcels near the surface (50 m AGL) originated from central Canada on July 4 and 5.
[42] Aerosol optical depths at 500 nm on July 9 at the MD Science Center and Howland (ME) sites are 0.4 and 0.37 respectively. Single scattering albedo decreases with increasing wavelength (Figure 12b , left) with values below 0.9 at Howland (ME) and MVCO indicating absorbing aerosols from the smoke plume. Single scattering albedo values at the other sites are above 0.9, indicative of urban aerosols that are likely mixed with OC rich smoke from smoldering combustion as observed by Eck et al. [2003] . The volume size distributions (Figure 12b , right) exhibit a substantial fine mode at all sites, which is about 5 times that for the coarse mode at MD Science Center and 10 times that at the Howland (ME) site. This enhanced fine mode indicates that either smoke or fine urban aerosols are dominating the aerosol mass loading. These results show the spatial extent of this Canadian smoke plume from Maine to Maryland using data from all AERONET site observations available on July 9, 2006 along the U.S. East Coast.
Chemical Properties
[43] Chemical composition data is assessed using the IMPROVE observations of PM 2.5 organic mass by carbon, fine mode potassium and ammonium sulfate. As shown in Figure 13 , OMC-1.4 increases significantly on July 10 compared with July 7 in the eastern U.S. Enhancements in fine mode K concentrations near 0.06 mg K m −3 are observed on July 10 across this same region stretching along the U.S. East Coast from New Jersey to Virginia and inland over portions of West Virginia, Ohio and Kentucky (Figure 7a ). These data suggest that surface plumes are transported to the eastern U.S. while dilution also occurred, leading to a decrease in fine mode K concentrations during transport. This is expected given that these species commonly have much lower mass fractions in aged smoke [Reid et al., 2005] . Nevertheless, it is remarkable that IMPROVE aerosol chemical composition observations are capable of detecting smoke plumes at the surface over thousands of kilometers from the source region. Our chemical, optical and trajectory analyzes provide strong evidence that the rise in OMC and fine mode K concentration along the U.S. East Coast can be attributed to smoke from the Canadian fires. Finally, we note that K/Fe ∼ 1.6 on July 10 along the U.S. East Coast. This ratio is well above 0.6, indicating that this potassium is due to biomass burning. In contrast, the potassium map in Figure 7 for July 13 shows a K/Fe of ∼0.4 over portions of the southeastern U.S., indicating that the July 13 fine mode K enhancement is not due to biomass burning.
[44] Local and regional aerosol sources between the emissions region in Canada and the U.S. East Coast influence aerosol composition observations. For example, ammonium sulfate concentrations increase dramatically from 2 mg m −3 on July 7 to 15-20 mg m −3 on July 10 (Figure 8 and 13b) over a large portion of the northeastern U.S., including portions of the U.S. East Coast. The chemical signatures observed suggest that the smoke aerosol was mixed with local and regional anthropogenic sulfate aerosols in these regions. We cannot rule out the possibility of local influences such as urban fossil fuel burning. Alternatively, several studies have shown significant enrichment of secondary inorganic aerosol species, including ammonium, in aged smoke [Reid et al., 2005] . Thus, gas to particle conversion of SO 2 and ammonia (NH 3 ) fire emissions may also contribute, limited by SO 2 oxidation to sulfate which occurs on a oneweek timescale [Reid et al., 2005] . Chemical transport modeling is an additional tool that could be used to increase the robustness of our results but these models exhibit their own uncertainties. More detailed speciation and higher time resolution (hourly or daily) aerosol chemical composition data would also be useful to fully analyze these mixing and transformation processes.
Air Quality Impacts
[45] The smoke plume affected air quality in the northeastern U.S. where surface PM 2.5 observations and trajectories are used to characterize these effects. Surface PM 2.5 concentration observations over the northeastern U.S. from EPA AirNow data are shown in Figure 8 . PM 2.5 levels increase from below 13 mg m −3 on July 7 to 30-60 mg m −3 PM 2.5 across a large region in New York State and Pennsylvania on July 10. This is collocated with the July 10 enhancements in ammonium sulfate but not OMC-1.4 or fine mode K which would indicate a biomass burning source. Thus, to evaluate a range of possible smoke aerosol contributions to PM 2.5 , we focus on the region along the U.S. East Coast of collocated enhancements in both fine mode K and OMC-1.4 as shown in Figures 7a and 13a , respectively. Figure 9b shows PM 2.5 observations at six EPA monitoring sites in Maryland, New Jersey, Virginia and West Virginia (all within this collocated region) which provide daily (or 3-day for VA and WV sites) PM 2.5 observations. These sites observed PM 2.5 increases above near background levels of 10-30 mg m −3 on July 10-12, with the day of maximum concentration depending on the site. All three Maryland sites (in Baltimore County, MD) report PM 2.5 concentrations above the EPA 24-hour standard on July 11 and the New Jersey site observes PM 2.5 24-hour standard exceedances on both July 11 and July 12.
[46] Figure 9c (middle) shows a forward trajectory from the Pickle Lake site in Ontario originating at 5 km altitude. This trajectory reveals that upper level air is transported toward the surface in a circular trajectory due to a shift in wind direction associated with the anti-cyclonic circulation (see section 4). This trajectory reaches the region along the U.S. East Coast of maximum OMC-1.4 and fine mode K on July 10 but the trajectory predicts air parcels remain above the boundary layer and should not reach the surface. This conflicts with our surface observations of smoke and points to inherent trajectory uncertainties that may extend into the boundary layer. Finally, back trajectories at 500m AGL from three of the U.S. East Coast sites used in Figure 9b are shown in Figure 9c (right). These trajectories also follow a circular path originating from regions to the northwest. However, there are again uncertainties associated with these 5-day back trajectories in horizontal location and altitudes.
Discussion

Horizontal and Vertical Transport
[47] A combination of trajectories and CALIOP profiles with MODIS AOD, OMI AI and AIRS CO observations allows us to develop a more comprehensive understanding of the vertical and horizontal extent of smoke plumes during transport. Figure 14 shows OMI AI,MODIS Aqua AOD and AIRS total column CO on July 6-11, 2006. On July 7, OMI AI has positive values along with elevated MODIS AOD over most of the northeastern U.S. This indicates rapid longrange transport as upper level layers (OMI AI is most sensitive to these) reached the interior northeastern U.S. only 3 days after initial emissions. This area of elevated OMI AI and AOD persists over the northeastern U.S. on July 8. On July 9, the upper layers are observed along the U.S. East Coast (MPLNET Cove and CALIOP profiles) and 2-5 km altitude layers are observed over Eastern Canada (CALIOP profiles). In contrast, on July 10 and 11, OMI AI values are zero whereas AOD values remain elevated. This suggests the arrival of lower aerosol layers which are undetectable by OMI AI (due to poor sensitivity to low altitude absorbing aerosols) yet still cause total column AOD to remain elevated. Unfortunately, there is no CALIPSO overpass on July 10 along the U.S. East Coast and no data is available on July 11 or later. However, a CALIOP profile over the southeastern U.S. shows 1-3 km altitude smoke plume fragments, coincident with regions of elevated AOD on July 10 (Figure 14) .
[48] Total column carbon monoxide (CO), although not an exclusive tracer for biomass burning, is used as a marker for biomass burning emissions in an air mass not affected by major anthropogenic or other sources. As shown in Figure 14 (bottom), CO enhancements along the U.S. East Coast near the Cove site are observed on July 9, collocated with positive OMI AI values. Another region of increased total column CO occurs over Maine and Eastern Canada on July 10, coincident with elevated AOD (Figure 14 ) and elevated fine mode K (Figure 7a ) although there are few IMPROVE sites in this region. CO observations also show that plumes were broken into multiple fragments indicating that the extent of smoke plume impacts was likely different at various locations.
[49] From the plume location observations described above, we estimate the mean velocity of smoke plumes from their source to southern Ontario was ∼800 km d −1 . From southern Ontario to the U.S. East Coast, upper layers were transported at 600-700 km d −1 and reached the U.S. East Coast on July 7-8. In contrast, lower layers traveled at 300-400 km d −1 and were observed both to the north over Eastern Canada on July 9-10 and over the northeastern U.S. on July 10-11. Any of these lower layer plumes incorporated into the atmospheric boundary layer are subject to boundary layer mixing and removal. However, the most efficient removal process is wet removal by precipitation.
This may have occurred on July 10-11 as some precipitation occurred over the northeastern U.S.
Air Quality Impact Assessments
[50] Despite plume dilution and horizontal separation of plumes, larger PM 2.5 perturbations are observed in the northeastern U.S. (10-30 mg m −3 ) than in the Great Lakes region (10-20 mg m −3 ). We can account for this difference by noting that there were predominantly upper level aerosol layers observed over the Great Lakes region, as less smoke had a chance to descend toward the boundary layer. Transport of biomass burning plumes from aloft to ground level has been studied by Duck et al. [2007] . They found that synoptic scale meteorological features, a surface ridge of high pressure, can facilitate subsidence of smoke plumes. Based on the trajectory analyzes, smoke could have been easily incorporated into the boundary layer over the northeastern U.S. This transport mechanism can account for the observed surface air quality degradations. In addition, due to spatial heterogeneities in these plumes, some monitoring stations may have missed thicker portions of smoke plumes.
[51] Mixing with local and regional anthropogenic sources can also increase the PM 2.5 in the northeastern U.S., resulting in a complex problem to discern the contribution from biomass burning with larger anthropogenic PM 2.5 sources along the U.S. East Coast than over the Great Lakes and southern Ontario. To full quantify and separate out the biomass burning contribution would require chemical transport model simulations and this is beyond the scope of the present study examining aerosol observations. The large PM 2.5 increases observed in Pennsylvania and New York State on July 10-11 are not solely due to biomass burning aerosols given the large increase in ammonium sulfate along with negligible increases in OMC-1.4 or fine mode K in this region. Midwestern power plant emission plumes and local sources could easily be transported to these regions and contribute to the fine aerosol loading. Nevertheless, we can conclude that portions of the smoke plume reached the surface along the U.S. East Coast on July 10 in the region of collocated enhancements in OMC-1.4 and fine mode K, contributing to a certain fraction of the PM 2.5 enhancements observed. This is quite a large region from New Jersey to Virginia along the East Coast and inland into West Virginia, Ohio and Kentucky.
[52] In addition to local anthropogenic sources, atmospheric mixing can play a role in air quality standard exceedances. To assess the influence of high pressure subsidence inversions during this period, we analyzed days (June 26, June 28 and July 7, 2006) with surface high pressure and no collocated smoke from biomass burning and found no enhancements in surface PM 2.5 concentrations approaching the EPA PM 2.5 daily standard for exposure. We also note that June 26, 28 and July 7 are all weekdays so any weekend effects (decreased emissions) are not impacting these results. In addition, we observe enhanced PM 2.5 and other smoke signatures on weekend days July 8 and 9 over portions of the Midwestern U.S. (Figures 8 and 9a ). These weekend days should have lower local backgrounds due to lower vehicular emissions. Therefore, although subsidence inversions due to high pressure over a region can contribute to elevated pollutant concentrations and air quality standard exceedances, this does not occur all the time. Other factors influence PM 2.5 concentrations, including local emissions, regional and long-range transport.
Data Set Limitations
[53] When considered separately, each aerosol observation data set used in this analysis is capable of providing only a limited view of the transport of smoke emissions. This leads to uncertainties in efforts to quantify or apportion smoke impacts. For example, using only trajectory analyzes and/or MODIS data, we would not be able to track smoke transport from the free troposphere to the surface due to trajectory uncertainties in vertical location within the boundary layer. MODIS AOD observations alone will not provide data on vertical profiles (CALIOP) or aerosol origin and suffer from interference from clouds. OMI AI cannot provide observations of absorbing aerosols (smoke) at the surface. The IMPROVE network cannot provide daily (only 3 day) chemical composition data and the sites are limited in spatial coverage. AERONET data on July 10-11 over regions of maximum PM 2.5 are not available but would have been useful to further analyze air quality impacts. AIRS CO cannot distinguish between CO from biomass burning and CO from other anthropogenic sources. The MPLNET Lidar system can provide vertical profiles to identify aerosol layers at only two locations in the eastern U.S. The CALIPSO satellite observations are limited in spatial coverage (narrow swath width), have interferences from clouds and overpass locations are frequently not collocated with other observations for comparisons. Despite these limitations, analyzing numerous tracers and data sets allows one to gain a better overall view of long-range transport leading to potential air quality impacts.
Atmospheric Implications
[54] We have analyzed a case study of smoke plumes from a boreal forest fire in western Canada of a magnitude that has occurred during multiples years in the previous decade. This potentially common event during the summer fire season in central Canada likely contributed to EPA 24-hour PM 2.5 standard exceedances 3000 km downwind of the source region. Not all boreal forest fire emissions impact U.S. air quality, as their impact on regions far from the source region is contingent upon emission and injection altitudes, meteorology over the fires and downwind, atmospheric mixing and conditions favoring deposition or other aerosol sinks. However, with certain weather patterns allowing for upper altitude plume transport such as those in this case study, there is a real potential for less extreme forest fires to significantly affect air quality in distant regions, a potential that may increase with predicted increases in wildfire frequency and burned area under future climate scenarios [Flannigan et al., 2005; Wotton et al., 2010] .
[55] The high altitude aerosols observed over the northeastern U.S. (including CALIOP, MPLNET and OMI AI observations on July 9) can exhibit other influences aside from those related to air quality. Elevated total column aerosol optical depths from smoke can contribute to significant visibility impairments and regional haze as observed by Pahlow et al. [2005] , with implications for the U.S. EPA Regional Haze Rule [U.S. Environmental Protection Agency, 2003]. Biomass burning aerosol contributions to regional haze and visibility reductions must be taken into account as noted by Park et al. [2006] . In addition, smoke aerosols were observed partially embedded in cirrus clouds at 8-12 km altitude, indicating that aerosol-cloud interactions and potential aerosol effects on ice nucleation and cloud microphysics are important here. Radiative effects due to aerosol absorption, with single scattering albedo values <0.9, may also be significant. Future studies incorporating these observations into radiative transfer models should be useful to fully quantify these effects.
[56] In summary, we demonstrate that surface sites in the Midwestern and northeastern U.S. observed smoke plume signatures, leading to a rise of ∼10-20 mg m −3 PM 2.5 attributable to the smoke along the U.S. East Coast. Trajectory and meteorological analyzes along with biomass burning tracers and other aerosol properties are consistent with smoke. Our results demonstrate the value of integrating the satellite and ground-based measurements used here to develop a larger picture of plume transport and impacts from a large but not unusual magnitude fire event. Due to certain data gaps and uncertainties, no data set by itself accurately depicts the plume horizontal and vertical locations. However, this case study's value is that the synthesis of data sets allows us to gain a better overall picture of impacts even with no chemical transport model simulations. This tool and technique is thus potentially useful for future studies to assess a range of complex impacts from these less extreme events, some of which may be extended over longer time periods beyond a case study. Thus, the methodology of integrating data sets from the current aerosol observation network in place over North America was able to provide more comprehensive data to evaluate a transient, less extreme event and provide estimates for regional air quality influences over the eastern United States.
[57] Acknowledgments. We wish to thank the developers of the AERONET Data Synergy Tool and GIOVANNI online data system (developed and maintained by NASA GES DISC) which greatly facilitated the extraction of visualizations of MODIS, MISR, AERONET, MPLNET, back trajectories, EPA AirNOW and AIRS CO column data. We would like to acknowledge Ralph Kahn, who provided invaluable insights, David Nelson for the MISR-MINX plume height database, Omar Torres for the availability of OMI AI data, and Brent Holben for AERONET data availability. Data from the Pickle Lake AERONET site are provided by the Canadian network AEROCAN, part of NASA's AERONET federated networks. COVE site data are funded by the NASA Earth Observing System project and MPLNET is funded by the NASA Earth Observing System and Radiation Sciences Program. We also greatly appreciate the use of the USDA fire maps, CALIOP, IMPROVE and NCEP data as well as the NOAA HYSPLIT trajectory computations. David J. Miller is supported by a Graduate Research Fellowship from the National Science Foundation.
